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Introduction
The cardiac action potential is composed of various ion channel currents, and the action potential duration (APD) is frequency-dependent characteristic in some mammal species including human, namely faster stimulation rates lead to a physiological shortening of APD [1] . A number of mechanisms may contribute to this phenomenon. These include incomplete deactivation of the slow component of the delayed rectifier potassium current (IKs) during the short diastolic periods [2, 3] , an increase in outward current or a decrease in inward current across the Na + /Ca 2+ exchanger(NCX) [4, 5] , an increase in the inward rectifier repolarizing potassium current (IK1) [6] , a decrease in the inward calcium current [7] , and the relation between potassium and calcium current [6] . The length of APD in isolated myocytes is determined by the balance of outward and inward current.
Transient receptor potential (TRP) channels are a superfamily of non-selective cation channels that sharing the common features of six transmembrane segments and can be activated or regulated by a wide variety of stimuli. The transient receptor potential canonical channels (TRPCs) are a subfamily of TRP channels, including seven members of the family TRPC1-7, and have been demonstrated to play a variety of roles in cellular calcium homeostasis. Activation of the TRPCs permits Ca 2+ and Na + entry into the cell and the permeability to cations depends on the different TRPCs family members [8] [9] [10] .
A recent article reported that TRPCs can form a macromolecular complex with the Ca1.2 α1C subunit of the L-type Ca 2+ channel. It has been indicated that the voltage-independent TRPCs may participate in the functioning of L-type voltage-gated calcium channel in the embryonic chick heart [11] . Both TRPC1 and TRPC6 are potential candidates for stretchactivated non-selective cation channels (SAC NSC ), and the nonspecific ion current which they carried maybe change the action potential configuration potentially [12, 13] . Stretch through increasing ventricular load can mediate a decrease in ventricular APD [14] . These suggest that non-selective cation channels or voltage-independent currents may also affect action potential formation and participate in the frequency dependence of APD.
Many antiarrhythmic agents that lengthen APD (such as quinidine, dofetilide) may exhibit reverse rate dependence, ie, the effect of a drug to prolong APD may be greater at slow heart rates, but the magnitude of the prolongation declines as heart rate increase [15] . As a result of reverse use dependence, these drugs have the least effect during tachycardia and enhance their proarrhythmic potential at normal or slow rates, which limited their development and clinical application [16] .
Neferine (Nef) is one of the three main bisbenzylisoquinoline alkaloids, which are derived from a traditional Chinese medicine herb, such as Nelumbo nucifera Gaertner's seeds. Previous experimental studies had demonstrated that Nef has the effects of antiarrhythmia and depression of myocardial contractility, its mechanisms may be associated with nonspecific inhibition of the currents of Ca
2+
, Na + and K + [17, 18] . The aims of the present study were to elucidate: (1) the relationship between frequency dependence of APD and the expression of TRPCs in rabbit myocardium; (2) the roles of TRPCs in the process of APD frequency dependence and (3) whether TRPCs are involved in the drug effects of APD prolonging.
Materials and Methods

Materials
Amiodarone (AM) hydrochloride was obtained from Sanofi-Aventis (France) and dissolved in 0.9% saline. Nef (FW=625, purity≥98 % by HPLC) was extracted from the seed embryo of Nelumbo nucifera Gaertn by the Phytochemistry Laboratory of the Department of Pharmacology, Tongji Medical College of Huazhong University of Science and Technology. Anti-TRPC1, Anti-TRPC3, Anti-TRPC6 antibodies were purchased from Alomone Labs Ltd. 
MAP recordings in vivo
Rabbits were anesthetized with 20% urethane 5 ml/kg followed by an intravenous infusion via the lateral ear vein, and then were intubated and ventilated with an animal respirator (DHX-150B, Chengdu instrument factory, China), maintaining common tidal volume and breathing rate. After a left thoracotomy, the heart was suspended in a pericardial cradle. The epicardium was kept moist with warm Tyrode solution. Monophasic action potential (MAP) was recorded using a custom-made contact probe, which was positioned on the left ventricle epicardium. In brief, the MAP recording probe consisted of a L-shaped cantilever with an Ag-AgCl electrode mounted on its distal end. The exploring electrode at the tip of the probe was 1 mm in diameter and embedded in an insulated epoxy resin, the distal tip of which was 1mm long and naked. Continuous contact of the tip electrode with the epicardial surface of the beating heart was provided by a spring-loaded mechanism. The reference electrode was fixed to the subcutaneous tissue of chest. The MAP signals were amplified and recorded with biological signal collecting and processing system (RM-6240 system, Chengdu instrument factory, China). A pair of stimulation electrodes made of teflon-coated stainless steel wire were inserted in the atrial appendage of the right atrium. The heart was driven by basic electrical stimuli of 1.5 folds threshold strength and 2 ms duration. Pacing protocols were generated using a custombuilt programmable stimulator provided by RM-6240 system.
Experimental protocols
Pacing was started at the basic driven frequency (usually 4.5 Hz) able to overdrive the spontaneous heart rate through a pair of needle electrodes placed in the right atrium. Stimulation protocol was maintained constant for 2min at each frequency until a steady state was reached, and then intrinsic heart rate was resumed for 3min. Measurements of APD were obtained at the frequency range of 4.5-7.5 Hz, starting with the basic driven frequency to overdrive the spontaneous rhythm and continuing in incremental steps of 0.5 Hz until action potential refractory period was appeared.
Obtained measurements in the drug-free state, the uniform protocol was repeated from the same epicardial site after lateral ear vein injection of either 5 mg/kg AM or 2.5 mg/kg Nef.
APD at 90% of depolarization (APD90) was determined automatically by a data processing software built in biological signal collecting and processing system (RM-6240 system, Chengdu instrument factory, China) with a maximum sampling rate of 40 kHz.
Frequency dependence of APD on TRPCs expression of rabbit ventricular myocardium
The rabbit were randomized into four groups as follows: 1) sinus rhythm group, 2) 4.5 Hz group, 3) 6 Hz group, 4) 7.5 Hz group. Pacing at the stimulus frequency of 4.5 Hz, 6 Hz, and 7.5 Hz for 10 min, the hearts were taken out and then the expressions of TRPCs were detected using RT-PCR or Western blot.
Effect of Nef or AM on TRPCs expression
The rabbit were randomized into three groups as follows: 1) sham group, 2) AM group, 3) Nef group. Given intravenous injection of 5 mg/kg AM or 2.5 mg/kg Nef in rabbits, a continuous 4.5 Hz electrical stimulation of 10 min was applied on rabbit myocardium after administration. Then the hearts were taken out rapidly and the expressions of TRPCs were detected.
Reverse transcription-polymerase chain reaction (RT-PCR) for TRPCs mRNA expression analysis
Total RNA was extracted from each left ventricular tissue using a Trizol reagent kit (Invitrogen Inc.) according to the manufacturer's instruction. Quantification and purity of RNA were confirmed by the ratio of OD260 to OD280 determined by an Ultraviolet/Visible spectrophotometer (752 UV/VIS, Shanghai Sunny Hengping Scientific Instrument Co., Ltd, China); RNA samples with the OD260 to OD280 ratio between 1.8 and 2.0 were used for RT-PCR. The first-strand complementary DNA (cDNA) was synthesized from the total
Western blot for TRPCs protein expression analysis
The frozen left ventricular tissues were homogenized in Radio-immunoprecipitation assay (RIPA) buffer containing 1 mM Phenylmethanesulfonyl fluoride (PMSF). The homogenates were centrifuged and the supernatants were collected. Total protein concentration was determined by Bradford assay. Protein samples (50 μg) were electrophoresed and separated by 8% SDS-PAGE gel, and then transferred to Polyvinylidene difluoride (PVDF) membranes. After being blocked with 5% non-fat milk in Tris-Buffered Saline Tween-20 (TBST) for 1 h, the membranes were incubated with specific primary antibodies overnight at 4 °C. Then the membranes were incubated with horseradish peroxidase (HRP)-conjugated anti-mouse IgG or anti-rabbit IgG at a dilution of 1:10,000 in TBST for 2 h at room temperature. The immunoreactive bands were visualized with electrochemiluminescence (ECL) reagent and detected by DNR Bio Imaging Systems (DNR Bio-Imaging Systems Ltd, Israel). Quantification of band intensity was analyzed using Image J software. The expression levels of TRPCs were normalized to β-actin or GAPDH expression level.
Statistical analysis
Data are presented as mean ± S.E.M. Results were analyzed using SPSS Version 13.0 software. Statistical differences were estimated with ANOVA followed by Student's t-test. A P value of less than 0.05 was considered to be statistically significant.
Results
Frequency dependence of APD of MAP in rabbit ventricular epicardium in vivo
As shown schematically in Figure 1 , APD90 and APD50 shortened progressively as frequency was increased in the drug-free state. At the frequency of 4. Figure 2 demonstrated the effect of different stimulation frequencies on TRPC1-7 mRNA expression in rabbit ventricular myocardium. In the groups of 4.5 Hz, 6 Hz and 7.5 Hz, TRPC3 mRNA and protein expression in rabbit ventricular myocardial were gradually raised with the increase of stimulus frequency. In contrast with control level (4.5 Hz), the mRNA expression of TRPC3 remarkably grew in the 6 Hz and 7.5 Hz group (P<0.05), while those of myocardial TRPC1~2, TRPC4~7 showed no significant changes. Figure 3 depicted the effect of different stimulation frequencies on TRPC1, TRPC3 and TRPC6 proteins expression. The expression of TRPC3 protein obviously increased in the 7.5 Hz group (P<0.05). The expression of TRPC1 and TRPC6 had no significant difference in the three groups.
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The effect of stimulation frequency on TRPCs expression in rabbit ventricular myocardium
Effect of Nef and AM on frequency dependence of APD
As shown in Figure 4 , AM increased APD90 or APD50 uniformly over the entire range of steady-state frequencies studied (4.5 Hz-6 Hz). Compared with that before administration at the frequency of 4.5 Hz, 5 Hz, 5.5 Hz, 6 Hz, 6.5 Hz, the prolonged percentages were respectively 11.4±4.1%, 10.6±3.4%, 6.5±1.6%, 7.7±1.8%, 8.8±3.0% after intravenous injection of AM (5 mg/kg) in rabbits (Fig. 4A) . Thus, the action potential-prolonging effect of AM was not significantly influenced by the frequencies, in other words, it indicated the distinguishing feature of frequency independence. Nef's effect on APD resembled that of AM: Nef prolonged APD in a frequency-independent fashion (Fig. 4B) . At the frequency of 4.5 Hz, 5 Hz, 5.5 Hz, 6 Hz, 6.5 Hz, 7 Hz, the prolonged percentages of Nef (2.5 mg/kg) injection correspondingly were 5.8±1.6%, 2.0±1.7%, 2.4±0.4%, 3.1±0.5%, 2.5±0.3%, 6.2±1.2% compared with that before administration (Fig. 4C) . Figure 5 demonstrated the effect of Nef or AM on TRPC1-7 mRNA expression in rabbit ventricular myocardium at the frequency of 4.5 Hz. Nef (2.5 mg/kg) could significantly increase the expression of TRPC3 mRNA at the stimulation of 4.5 Hz, while AM (5 mg/kg) had no such effects. Under the same stimulus conditions, the medication administration groups had no significant difference on the mRNA expression of TRPC1~2 and TRPC4~7. Figure 6 depicted the effect of Nef or AM on TRPC1, TRPC3 and TRPC6 proteins expression at the frequency of 4.5 Hz. In consistent with the results of mRNA expression, Nef (2.5 mg/kg) remarkably increased the expression of TRPC3 protein compared with control group at 4.5 Hz, while AM (5 mg/kg) had little effect on TRPC3. Both agents did not appear to influence TRPC1 and TRPC6 expression.
Effect of Nef and AM on TRPCs expression in rabbit ventricular myocardium
Discussion
MAP recording is usually applied to reproduce the repolarization time course of transmembrane action potential (TAP) with high fidelity. In contrast to TAP, MAP can be recorded from the endocardium and epicardium of the beating heart in vivo. This MAP study has been exhibited an obviously APD shortening with the increase of frequency in rabbits ventricular epicardium in vivo. Both AM and Nef could prolongate the APD and showed characters of rate independence at the designed frequencies. In the groups of 4.5 Hz, 6 Hz and 7.5 Hz, TRPC3 mRNA and protein expression in rabbit ventricular myocardium were gradually raised with the increase of stimulus frequency. Nef (2.5 mg/kg) could significantly increase the expression of TRPC3 at the stimulation of 4.5 Hz.
It has been demonstrated that faster stimulation rates lead to a physiological shortening of APD, a phenomenon named frequency dependence of APD in some mammal species. APD changes are proved to be directly determined by the relation of inward or outward current, i.e, the net membrane current (Inet). Several hypotheses have been developed so far to explain the mechanism of frequency dependence of APD. In general, a net outward current can eventually lead to the shortening of APD when the stimulus frequency increased. The cardiac action potential is formed by various ionic currents and the generation of net outward currents through increasing frequency may be caused by decreases of the inward calcium current, increases of the outward potassium current, or the NCX current, et al.
The change of the cardiac APD with the stimulation rate can cause transmembrane movement of various ions which can also lead to alterations of intracellular ionic concentration. In this process, electrical remodeling or structural remodeling of cardiac repolarization has been gradually formed, which is one of the critical mechanisms in the developments of atrial fibrillation (AF) or congestive heart failure (CHF) [19] . Xiao et al., based on experimental results that rapid cardiomyocyte firing decreases transient outward potassium current (Ito) density, suggested that the rate-dependent Ito downregulation is mediated by increased Ca 2+ /calmodulin-activated Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) and calcineurin/Nuclear factor of activated T-cells (NFAT) signaling in canine cardiomyocytes [20] . Bosch et al. demonstrated that L-type calcium current and Ito are reduced in early phases of electrical remodeling in rabbit atrium [21] . It has been tested that reduced I Ca,L in patients with AF is associated with increased protein phosphatase activity [22] . Therefore, electrical remodeling or structural remodeling caused by abnormal rate is an important factor of proarrhythmia. A recent report by Harada, M., et al. described that TRPC3 channel expression increased in AF dogs by causing NFAT-mediated downregulation of microRNA-26 and resulted in TRPC3-dependent enhancement of fibroblast proliferation and differentiation [23] .
In the present work, we observed that the expression of TRPC3 increased along with stimulus frequency. To investigate its reason, the increased expression of TRPC3 may be caused by elevation of intracellular calcium concentration through opening of L-type Ca 2+ channels under high-frequency stimulation [24] . Then Ca 2+ /CaM activates calcineurin (CaN), which induces dephosphorylation of NFAT in the cytoplasm and permits its translocation to the nucleus where it participates in the gene expression and transcription of TRPC3 [25] . In another hand, Ca 2+ /CaM can also indirectly activate CaN/NFAT pathway through CaMKII, resulting in the increased expression of TRPC3 [20] .
Many class III antiarrhythmic agents that prolong the APD through selective IKr blocking, such as dofetilide, d-sotalol, reduce their effectiveness at fast heart rates due to reverse frequency dependence [26] . Conversely, these drugs induce maximum prolongation of APD at slow fast rates and can more easily lead to torsade de pointes (Tdp). Thus, drugs exhibiting reverse use dependence may even render their proarrhythmic effects. This limits their efficacy for controlling arrhythmias. AM is usually classified as a class III antiarrhythmic agent for acting primarily by prolonging the APD through blocking cardiac potassium channels. But it also has been exhibited the effects of blocking sodium and calcium channels [27] . The frequency-dependent effects of AM on repolarization may differ from those of other class III antiarrhythmic agents. In our study, AM-induced prolongation of the APD90 occurred at a range of 4.5~7 Hz without significant attenuation during rapid pacing and displayed a characteristic of rate independence, consisting with previous in vitro and in vivo studies of AM [28, 29] . The advantage of AM with less reverse frequency dependence over other class III antiarrhythmic drugs maybe lie in its blocking effects on multiple ion channel.
Nef is one of the bisbenzylisoquinoline alkaloids extracted from the seed embryo of Nelumbo nucifera Gaertn. It has been demonstrated that Nef could show antiarrhythmic effects and inhibit myocardial contraction force [17] . Its mechanisms may be associated with non-specific inhibition of the current of Ca
2+
, Na + and K + . In the present study, we observed that Nef cloud also exhibit rate-independent effect on the prolongation of APD which is similar to AM. Nef could significantly increase the 6 . Effect of neferine (Nef) or amiodarone (AM) on TRPC1, 3, 6 proteins expression in rabbit ventricular myocardium at the frequency of 4.5 Hz. TRPC1, 3, 6 proteins were determined by Western blot, and the proteins expression levels were normalized to β-actin or GAPDH. Nef (2.5 mg/kg) significantly increased TRPC3 protein expression compared with control group at 4.5 Hz. n=3~5. *P < 0.05 vs. control 4.5 Hz group.
